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ABSTRACT 

I 

D e t a i l e d  c a l c u l a t i o n s  are  d e s c r i b e d  of t h e  rate of h e a t i n g  of 

t h e  a m b i e n t  e l e c t r o n s  a r i s i n g  f r o m  s o l a r  u l t r a v i o l e t  r a d i a t i o n  a n d  

it is s h o w n  t h a t  t h e  r e s u l t i n g  d i f f e rence  b e t w e e n  t h e  e l e c t r o n  tem- 

p e r a t u r e  a n d  t h e  gas t e m p e r a t u r e  a t  noon i n  a q u i e t  i o n o s p h e r e  

m a y  r e a c h  a m a x i m u m  v a l u e  ly ing  between 800 

a n  a l t i t u d e  n e a r  200 km bu t  t h a t  t h e  d i f f e r e n c e  v a n i s h e s  b e l o w  

a b o u t  120  km a n d  a b o v e  abou t  400 km. T h i s  is i n  a c c o r d  wi th  t h e  

a n a l y s i s  of t h e  o b s e r v a t i o n a l  d a t a  by B a u e r  a n d  B o u r d e a u  wh ich  

c a n  t h e r e f o r e  b e  e x p l a i n e d  as due  t o  t h e  d i r e c t  a c t i o n  of s o l a r  

u l t r a v i o l e t  r a d i a t i o n  a n d  it is u n n e c e s s a r y  t o  p o s t u l a t e  t h e  e x i s t -  

e n c e  of electric f i e l d s .  
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2 Rztes of energy l o s s  through r o t a t i o n a l  e x c i t s t i o n  of N 
( s o l i d  l i n e s )  and through e l a s t i c  c o l l i s i o n s  (dashed l i n e s ;  

wi th  t h e  ambient e l e c t r o n s  f o r  T (a) = 1000°K. 

2 Retes of energy loss through r o t a t i o n a l  e x c i t a t i o n  of N 
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Cri t ica l  e n e r g i e s  f o r  t h e  model a tmosphere wi th  

T (a) = 1000 K ,  assuming t h a t  t h e  v i b r a t i o n z l  energy of 

N is conver ted  t o  thermal  energy of (a )  t h e  n e u t r a l  

p a r t i c l e s  and (b) t h e  e l e c t r o n  g a s .  
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Figure 18. Critical energies for the model atmosphere with 
0 

2 T ( m )  = 2000 K, assuming that vibrational energy of N 
is converted to thermal energy of (a) the neutrai 

particles and (b) the electron gas. 

Figure 19. Heat fluxes to the ambient electrons for the atmosphere with 

T = 1000°K. curve (a) excluding metastable energy and 

excluding vibrational energy; curve (b) including 

metastable energy but excluding vibrational energy; 

curve (c) excluding metastable energy but incluciiEg 

vibrational energy; curve (dj including metastable energy 

and including vibrational energy. 

Figure 20. Heat fluxes to the ambient electrons for the atmosphere 

with T (“1 = 2000°K. 

as for Figure 19. 

The labelling of the four curves is 

Figure 21.  The right-hand side of Equation (245 as a function of 

Te at an abtitude of 400 km in the atmosphara with 

T (03> = 1000°K. 

Figure 22 .  Electron temperatures corresponding to the heat inputs 

of Figure 19. 

Figure 23 .  Electron temperatures corresponding to the heat inputs 

of Figure 20. 
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ELECTRON TEMPERATURES I N  THE IONOSPHERE 

A .  Dalgarno, 
M. B. McElroy* and R.  J .  Moffetvk 

1. In t roduc t ion  

Hanson and Johnson (1961) have suggested t h a t  e n - r g - t i c  photo- 

e l e c t r o n s  produced by t h e  i n c i d e n t  solar u l t r a v i o l e t  r a d i a t i o n  may g i v e  

r ise  t o  a n  e l e c t r o n  tempera ture  Te i n  the  daytime ionosphere  which is  

h ighe r  than  t h e  n e u t r a l  p a r t i c l e  and p o s i t i v e  i o n  tempera ture  Tg and 

exper imenta l  ev idence  suppor t ing  t h i s  view h a s  been ob ta ined  r e c e n t l y  

by Spencer ,  Brace and Carignan (1962) who f ind t h a t  Te  is much g r e a t e r  

than  Tg a t  a l t i t u d e s  between about  100 and 400 km, t h e  maximum v i l u e  

o f  Te l y i n g  between 2400°K and 3000°K. However, because t h e  s o l a r  

photon f l u x  adopted by Hanson and Johnson i s  much less than  t h a t  now 

observed ( c f .  Watanabe and Hin teregger  1962), because a n  important  

p rocess - - the  e l e c t r o n  impact e x c i t a t i o n  of v i b r a t i o n a l  levels o f  molec- 

u l a r  ni t rogen--was omi t ted  from cons ide ra t ion ,  and because t h e  s i g n i f i c a n c e  

o f  m e t a s t a b l e  e n e r g i e s  as a source  o f  hea t ing  w a s  n o t  i n v e s t i g a t e d ,  t h e  

conc lus ions  o f  Hanson and Johnson have only q u a l i t a t i v e  s i g n i f i c a n c e  and 

a r e - a n a l y s i s  i s  d e s i r a b l e .  

*Department o f  Applied Mathematics,  The Gaeen's U n i v e r s i t y  of  B e l f a s t ,  
a e l f a s t ,  N .  I r e l a n d .  
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2 .  Product ion of P h o t o e l e c t r o n s  

2 . 1  Model Atmospheres 

A s  model atmospheres w e  have s e l e c t e d  two from t h o s e  d e r i v e d  by 

Bates (1959) and Bates  and P a t t e r s o n  ( 1 9 6 1 ) ,  one o f  which corresponds 

t o  a temperature of  1000 K a t  t h e  base  of  t h e  exosphere and che o t h e r  

t o  a temperature of  2000 K .  

atmospheres. The a s s o c i a t e d  number d e n s i t i e s  and temperatures  a re  

reproduced i n  Table  1. 

0 

0 The two models probably span t h e  p o s s i b l e  

2 . 2  Solar  F l u x  and P h o t o i o n i z a t i o n  Rates  

For t h e  i n c i d e n t  f l u x  of s o l a r  photons w e  have adopted t h e  val.Aes 

quoted by Watanabe and Hin teregger  (1962)  and they  a re  reproduced i n  

Table  2 .  Using a model atmosphere which i s  roughly  a mean o f  t h e  two 

g iven  i n  .Table 1, Watanabe and Hin teregger  have computed the  r a t e  of  

product ion of i o n i z a t i o n  corresponding t o  t h i s  s o l a r  f l u x .  We have 

r e p e a t e t  t h e i r  c a l c u l a t i o n s  f o r  t h e  model  atmospheres i n  Table 1 and a 

comparison o f  t h e  noon i o n i z a t i o n  ra tes  i s  g iven  i n  F i g u r e  1. The re la -  

t i v e  production of  O', 0; and N 4- i o n s  are of  i n t e r e s t  and t h e s e  a re  

shown i n  F igures  2 and 3 .  The accuracy  of  t h e  absorptLon and photo- 

i o n i z a t i o n  c r o s s  s e c t i o n s  used i s  v e r y  u n c e r t a t n  and F i g u r e s  1 and 2 

should be  regarded as merely r e p r e s e n t a t i v e  of  t h e  a c t u a l  i o n i z a t i o n  

ra tes .  

2 
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Table 2 

Solar Spectral Intensities at Normal Incidence 

8 -2 -1 8 X(in Flux (in 10 cm sec ) X(in g) Flux (in 10 cm-2sec-1) 

1025.7 

1000 - 1027 

989.8 

977 .O 

972.5 

9L.9.7 

9 1 1  - 1000 

850  - 9 1 1  

796 - 850  

7 0 0  - 796  

600 - 700  

584.3 

26 

15 

5 

30 

10 

5 

37 

95 

25 

5 0  

47 

29 

500 - 600 

400 - 500  

303.8 

300 - 400 

230 - 300 

170 - 230 

110 - 170 

8 0  - 110 
60 - 8 0  

30 - 60  

20 - 30 

10 - 20 

30 

24 

43 

29 

31  

33 

3.5 

2 . 4  

1 . 8  

1.5  

0 .12  

0 .02  
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2 .3  Equi l ibr ium E lec t ron  D e n s i t i e s  

Since t h e  rates of t h e  processes  r e s p o n s i b l e  f o r  t h e  d isappearance  

of f r e e  e l e c t r o n s  are s t i l l  very  u n c e r t a i n ,  w e  have n o t  a t tempted  t o  

c a l c u l a t e  t h e  e q u i l i b r i u n  d i s t r i b u t i o n s  of  t h e  e l e c t r o n  d e n s i t y  as 

func t ions  of  a l t i t u d e  f o r  t he  assumed models bu t  w e  have i n s t e a d  adopted 

t h e  values  g iven  by R a t c l i f f e  (1960) and l i s t e d  i n  Table  1. 

2 .4  Energy D i s t r i b u t i o n  o f  Photoe lec t rons  

The p r e d i c t i o n  o f  t h e  energy d i s t r i b u t i o n  of  t h e  pho toe lec t rons  i s  

complicated by t h e  f a c t  t h a t  t he  a v a i l a b l e  c r o s s  s e c t i o n  d a t a  r e f e r  t o  

a m u l t i p l i c i t y  of i o n i z i n g  processes  whereas t h e  energy d i s t r i b u t i o n  

depends upon t h e  i n d i v i d u a l  p rocesses .  Tfius, t h e  s p e c t r a l  heads f o r  

t he  e j e c t i o n  of an  o u t e r  s h e l l  e l e c t r o n  from atomic oxygen f o r  t he  

t r a n s  i t i o n s  

(1) 
2 2 4 3  + 2 2 3 4  O ( l s  2s 2p ) P + hv - 0 (Is 2s 2p ) S + e 

(2) 
2 2 4 3  2 2 3 2  

O(1s 2s 2p ) P + hv -* O+(ls 2s 2p ) D + e 

(3 )  
2 2 4 3  2 2 3 2  O ( l s  2s 2p ) P + hv --* O+(ls 2s 2p ) P + e 

are loca ted  a t  91OR, 7 3 2 x  and 6 6 3 x ,  r e s p e c t i v e l y ,  so  t h a t  a photon of 

wavelength,  s a y  500A, absorbed by atomic oxygen w i l l  produce an e l e c t r o n  

of energy 11.2eV, 7.9eV o r  6.leV depending upon which t r a n s i t i o n  i s  

involved. The i n t e r n a l  e n e r g i e s  of  t h e - m e t a s t a b l e  ions  may s t i l l  be 

0 
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312 s ta te  a v a i l a b l e  as hea t ing .  

is  5 x 10 

Thus, t h e  r a d i a t i v e  l i f e t i m e  of t h e  2D 

3 2 4 sec and o f  t he  Ds,2 s t a t e  i s  2 x 10 s e c ;  and the  r a t e  

I c o e f f i c i e n t  for t h e  s u p e r e l a s t i c  c o l l i s i o n  

I e + o+(~D) -+ e + o + ( ~ s )  ( 4 )  

-8 3 -1 is about  3 x 10 c m  s e c  (Seaton and Osterbrock 1 9 5 7 ) .  The meta- 

s t a b l e  energy of  t h e  2D s t a t e  may the re fo re  be t r a n s f e r r e d  d i r e c t l y  

t o  t h e  ambient e l e c t r o n  gas .  A l t e r n a t i v e l y ,  t h e  m e t a s t a b l e  ion  may 

undergo ion-atom in te rchange  wi th  the  atmospheric molecules ,  i t s  

energy thereby  appearing as t h e r n a l  energy of  the  heavy p a r t i c l e  gas .  

2 
3 / 2  

The r a d i a t i v e  l i f e t i m e  of t he  2P1/2 s t a t e  i s  5 s e c  and o f  t h e  P 

s ta te  i s  4 s e c  and t h e  r a t e  c o e f f i c i e n t s  f o r  t h e  s u p e r e l a s t i c  c o l l i -  

s i ons  

-7 3 -1 -8  3 -1 are,  r e s p e c t i v e l y ,  about  1 x 10 cn sec  and 2 x 10 c a  s e c  (Szazor, 

and Osterbrock  1957).  Except a t  low a l t i t u d e s  where ion-atom in t e rchange  

may occur  more r a p i d l y ,  t he  

emission,  t h e  more probable  process  being 

2 P state i s  u s u a l l y . d e a c t i v a t e d  by spontan2ous 

Of(2P) --t 0 + ( 2. D) + hv 

9 



y i e l d i n g  a photon of wavelength 7330 2 and l e a v i n g  a m e t a s t a b l e  2D 

s t a t e ,  t h e  energy of  which may be t r a n s f e r r e d  t o  t h e  ambient e l e c t r o n s  

or  t o  the heavy p a r t i c l e s .  

A t  435 8,  t h e  photo ioniz ing  t r a n s i t i o n  

2 2 4 3  2 4 4  O ( l s  2s 2p ) P + hv-t O+(ls 2s2p ) P + e 

and a t  310 8 ,  t h e  photo ioniz ing  t r a n s i t i o n  

2 2 4 3  + 2 4 2  O ( l s  2s 2p ) P + h v  --t 0 (Is 2s2p ) P + e ,  (9)  

which involve  t h e  e j e c t i o n  of  a n  i n n e r  s h e l l  e l e c t r o n ,  c a a  occur 

(Dalgarno and Park inson  1960) .  The e x c i t e d  s t a t e  produced by (8) w i l l  

subsequent ly  decay accord ing  t o  

+ 2 2 4 4  + 2 2 3 4  0 (Is 2s p ) P 4 0 (Is 2s 27 ) S + hv 

w i t h  the emiss ion  02 a photon of wavelength 833 2 which c a s  be 

absorbed by atomic oxygen y i e l d i n g  a n  e l e c t r o n  w i t h  a n  energy o f  i . 2  2 V  

o r  by molecular  oxygen y i e l d i n g  a n  e l e c t r o n  of er.crgy 2.7 e V .  

excLted s t a t e  produced by (9)  w i l l  decay accord ing  t o  

The 

+ 2 4 2  + 2 2 3 2  0 (Is 2s2p ) P --f 0 (1s  2s 2p ) D + hv 

o r  according t o  

2 2 3 2  0 + ( 1 ~ ~ 2 s 2 p ~ ) ~ P  + O"(1s 2s 2p ) P + hv . 

10 



Q Tine photons emi t t ed  i n  (11) and (12) have waveiengths of 581 A and 

537 8, . r e s p e c t i v e l y ,  and can produce f u r t h e r  i o n i z a t i o n .  

the m e t a s t a b l e  states i n  (11) and (12) may be d e a c t i v a t e d  by super -  

e l a s t i c  c o l l i s i o n s .  

A s  b e f o r e ,  

R a d i a t i o n  of  wavelengths between 310 2 and t h e  K-shell a b s o r p t i o n  

edge a t  about  23 2 can produce e l e c t r o n s  w i t h  e n e r g i e s  r ang ing  from 

ze ro  t o  540 eV.  These h igh  energy e l e c t r o n s  w i l l  i n  t u r n  produce 

f u r t h e r  e l e c t r o n s  by impact i o n i z a t i o n .  For i n i t i a l  e n e r g i e s  g r e a t e r  

than  perhaps 70 e V  t h e  mean number of  ion p a i r s  produced can  be ob ta ined  

by d i v i d i n g  the i n i t i a l  energy by 34 eV but  below 70 eV t h e  mean energy 

r e q u i r e d  t o  prodlice an  ion  p a i r  must r i s e  r a p i d l y  as an i n c r e a s i n g  f r a c -  

t i o n  of the energy i s  expended i n  e x c i t a t i o n  p rocesses  ( c f .  Dzlgarno and 

G r i f f i n g  1958). 

a r b i t r a r i l y  assumed t h a t  f o r  e l e c t r o n e n e r g i e s  between 20 and 70 e V ,  one 

i o n  p a i r  i s  produced. 

I n  computing t h e  i o n i z a t i o n  rates of F igu re  1, w e  have 

We sha l l  n o t  d i s c u s s  t h e  absorp t ion  of  r a d i s c l o n  s h o r t e r  than  23 2 
i n  d e t a i l .  For our  purposes i t  s u f f i c e s  t o  n o t e  t h a t  t h e  s o l a r  f l u x  of 

photons w i t h  wavelengths s h o r t e r  t han  30 2 i s  of t h e  o r d e r  of 0 .1  e r g  

cm sec and t h a t  it i s  l a r g e l y  depos i ted  i n  the E-region of the 

ionosphere.  

-2 -1 

The p h o t o i o n i z a t i o n  p a t t e r n  f o r  the a tmospher ic  molecules i s  

b a s i c a l l y  similar t o  b u t ,  because o f  the v i b r a t i o n a l  s t r u c t u r e ,  more 

complex than  that  of atomic oxygen. 

11 



The f i r s t  i o n i z a t i o n  p o t e n t i a l  of  molecular  n i t r o g e n  i s  e q u i v a l e n t  

0 
i n  energy t o  a wavelength of  796 A and corresponds t o  the  removal of  a 

6 2p e l e c t r o n  from t h e  N ground s t a t e  c o n f i g u r a t i o n  g 2 

leaving a n  N -I- molecule i n  i t s  ground e l e c t r o c i c  2 C f  s t a t e .  A t  a 
2 g 

s l i g h t l y  s h o r t e r  wavelength,  a K 2p e l e c t r o n  can  be e j e c t e d ,  y i e l d i n g  

N: i n  an  e x c i t e d  TT s t a t e ,  and a t  6 6 1  8,  an  i n n e r  s h e l l  d ( 2 s )  can 

be e j e c t e d ,  ' y i e ld ing  N 

t h e  rU and 2 2 +  s ta tes  a r e  d e a c t i v a t e d  by spontaneous emiss ion ,  t h e  

2 +  C giv ing  r i se  t o  t h e  f i r s t  nega t ive  band system. There w l l l  be 

U 

2 
U U 

+ 
i n  an e x c i t e d  2C' s t a t e .  Presumably both  2 U 

2 
U 

U 

f u r t h e r  d i s c o n t i n u i t i e s  i n  t h e  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  

a s soc ia t ed  w i t h  t h e  removal of a d (2s )  e l e c t r o n  and y i e l d i n g  N i n  

an  exc i t ed  Z s t a t e .  None of  t h e s e  e x c i t e d  s t a t e s  i s  me tas t ab le  

and there  seems t o  be no p o s s i b i l i t y  of a d i r e c t  t r a n s f e r  of t h e i r  

+ 
g 2 

2 +  
g 

e n e r g y . t o  t h e  ambient e l e c t r o n s .  They a r e  of i n t e r e s t ,  however, 

w i t h i n  t h e  con tex t  of t h e  h e a t  ba lance  of  t h e  h igh  atmosphere f o r  

t h e y  provide a mechanism by which.some of t h e  i n c i d e n t  s o l a r  energy 

i s  converted d i r e c t l y  i n t o  r a d i a t i o n  and s o  rendered  u n a v a i l a b l e  f o r  

hea t ing  . 
The f irst  i o n i z a t i o n  p o t e r i t i a l  of  molecular  oxygen i s  equ iva len t  

i n  energy t o  a wavelength of 1016 2 and cor responds  t o  t h e  removal of 

12 



a 7  2p e l ec t ro r !  from the O2 @cur?d s t a t e  c c n f i g u r a t i o n  
g 

l eav ing  an  0 ' molecule i n  i t s  ground e l e c t r o n i c  .'TT s t a t e .  A t  a 
2 g 

wavelength of perhaps 767 2, a 7~ 2p e l e c t r o n  can  be e j e c t e d ,  y i e l d i n g  

a n  0 

729 8,  i t  can y i e l d  an  0 

6 2p e l e c t r o n  can be e j e c t e d  a t  a wavelength of perhaps 6 8 i  2, y i e i d -  

U 

+ molecule i n  the  e x c i t e d  47r s t a t e ,  arrd a t  a wavelengch of 2 U 

s t a t e .  The + 
'ITu molecule i n  the  exc iced  2 

g + i n g  0 i n  t h e  4 2 -  s t a t e  and t h e r e  w i l l  be o t h e r  d i scone inu iC ies  
2 g 

a t  s h o r t e r  wavelengths a s soc ia t ed  with t h e  removal of d 2 s  and d 2s 
li 

4- 2 
e l e c t r o n s ,  y i e l d i n g  f u r t h e r  0 i n  ?J acd 2T s t a t e s .  T l ~ e  2~ and 2 U g L2 

4 -  
g 

s ta tes  a r e  t h e  upper s t a t e s  of the f i r s t  and second nega t ivz  

4 band sys tems,  t he  l a t t e r  of which terininzces i n  rhe  ?r s t a c e ,  The 

4 

d i r e c t l y  t o  t h e  ambient e l e c t r o n  gas  by s u p e r e l a s t i c  c o l i i s 2 m s .  

U 

7T s t a t e  i s  me tas t ab le  and i t s  energy of about  4eV may be t r a n s f e x a d  
U 

The t r ans fo rma t ion  of t h i s  e s s e n t i a i i y  q u a i l t a c i v e  d i s c n s s i o n  

i n t o  a q u a n t i t a t i v e  p r e d i c t i o n  of the  energy  d i s t r i b u t i o n  of  t h e  

p h o t o e l e c t r o n s  must be somewhat a r b i t r a r y .  For  t h e  p h o t o i o n i z a t i o n  

c r o s s  s e c t i o n s ,  we have used t h e  values  l i s t e d  by Watanabe and 

Hin teregger  (1962) and w e  have assumed t h a t  wher.ever t h e  photon 

energy  i s  such t h a t  a m i l t i p l i c i t y  of t r a n s i t i o n s  can cccur t k e  

p r o b a b i l i t y  of a p a r t i c u l a r  t r a n s i t i o n  i s  p r o p o r t i o n a l  t o  t h e  

s t a t i s t i c a l  weight of t h e  product  p o s i t i v e  i o n  s t a t e .  The t r a n s i t i o n s  

13 



which have been taken  i n t o  account a r e  g iven  i n  Table  3 .  

The r e s u l t i n g  d i s t r i b u t i o n s  w i t h  a l t i t u d e  of t h e  r a t e s  of 

product ion  of pho toe lec t rons  of v a r i o u s  e n e r g i e s  a r i s i n g  from t h e  

t r a n s i t i o n  (1) are i l l u s t r a t e d  i n  F igu res  4 and 5 f o r  t h e  two model 

atmospheres. 

photo ioniz ing  processes .  The t o t a l  r a t e s  of d e p o s i t i o n  of photo- 

e l e c t r o n  k i n e t i c  energy a r e  g i v e n  i n  F igures  6 azd 7 which a l s o  show the  

d i s t r i b u t i o n s  w i t h  a l t i t u d e  of t h e  r a t e s  of d e p o s i t i o n  of energy 

S imi l a r  curves  may be cons t ruc t ed  f o r  t he  o t h e r  

+ 2  + 4  r e t a i n e d  i n i t i a l l y  i n  t h e  me tas t ab le  s t a t e s  0 ( D) and 0 ( 7~ ).  P a r t  
2 u  

of t h e  ecerg; w i l l  subsequenr ly  be conver ted  i n t o  r a d i a t i o n  and the  

remainder i n t o  he,t, t h e  d i v i s i o x  de?ending upon t h e  c o l l i s i o n  

processes  by which t h e  f a s t  e l e c t r o n s  a r e  slowed down. 

14  



TzSle 3 

Transitions Taken Into Account in Deriving the Energy 

Gistribution of Piotoeiectrons 

Atomic Oxygen Transitions 

Electron removed Resulting state of 0 
+ 

m. A,-.reshold er.erpy in e V  

2P 4s 13.6 

2P 2D 1 6 . 9  

2P 2P 18.7 

2 s  4P 2 8 . 5  

2 s  2P 40.0  

Molecular Oxygen Transitions 

Electron removed Resulting state of 0 T h r e s h o l d  ener2.v in eV 
+ 

2- 

2Tr 1 2 . 1  
Tg2P g 
n ; 2 P  4Tr 1 6 . 2  

7-r 2 p  -IT 17 . O  

4 7 -  

dg2P z 18.2 
g 

il 
7 

U U 

- 28 
- 40 

U 
5 2 s  2Tr 

6 2 5  2T 

U 

g g 

Molecular nitrogen transitions 
+ 

Electron removed Resulting state of N Threshold e n e r g y  in eV 2- 

1 5 . 6  

16 .7  

18.8 

- 35 
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3 .  Energy Loss P rocesses  

3.1 E x c i t a t i o n  and I o n i z a t i o n  

The r a t e  of energy l o s s  pe r  cm of p a t h  by o p t i c a l l y  a l l o i ~ e d  

e x c i t a t i o n  and i o n i z a t i o n  processes  f o r  a h igh  energy e l e c t r o n  noving 

through a i r  w i t h  a number d e n s i t y  n cx  

formula ( ignor ing  r e l a t i v i s t i c  e f f e c t s )  

- 3  i s  g iven  Sy t h e  iiethe 

-1 
&Ti ( 5 / 8 0 )  eV cm 

1.87 x lo-'' 
E n - -  - -  dE 

dx 

where E i s  t h e  energy i n  eV ( c f .  Dalgar:?o 1561).  The Be~h? fozmu?a 

(13) remains v a l i d  t o  w e l l  w i t h i n  an  o rde r  of magni:cdz down to 

energ ies  of  f i v e  hundred e l e c t r o n  v o l ~ s .  To o b t a l n  tb.2 energy I G S S  

r a t e  a t  lower e c z r g i e s  w e  asszse t h e t  f o r  inc idenc  er,erg:les g r e a t e r  

t han  50 e V ,  t h e  e f f i c i e n c i e s  of i o n i z z t l o i l  p- rocess is  an2 exci t&t . ;on 

processes  are equnl  End t h s t  thc: m z n  eze rgy  10;s ~ G T  ezch Lo~.. lzir=g 

c o l l i s i o n  i s  20 e V .  The r a t e  of ecergy l o s s  czn then  be obtafned  

u s i n g  the measured va lues  or' thc cross  s e c t l o n s  f o r  she e iecc ron  

i r .pact  i o n i z a t i o n  of Lhe atmos?k.eric gcsas (Tcte and Smith 1532, :lLe 

and Brackman 1959, Rothe, Marino, Neynab2r and T:---llo 1362) .  A t  

500 e V ,  t h i s  procedure y i e l d s  an energy l o s s  r a t e  i n  a i r  of 

6 x n e V  cm i n  harmony wi th  t h a t  de r ived  from (13). For 

ene rg ie s  between 50  e V  and 2; e V  we assurnt t h a t  t h e  e f f i c l e n c y  of 

" 

-1 
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e x c i t a t i o n  i n  slowing down t h e  e l e c t r o n  i s  cwice Khat of  i o n i z a t i o n  

and t h a t  t h e  mean energy l o s t  i n  each ion iz ing  process  i s  15 e V .  

These procedures  a r e  somewhat a r b i t r a r y  b u t  a r e  u z l i k e l y  t o  l e a d  t o  

e r r o r s  exceeding a f a c t o r  of t h r e e .  

The de r ived  r a t e s  of energy l o s s  f o r  e l e c t r o n s  w i t h ' e n s r g i e s  

r ang ing  from 10 keV t o  20 eV a r 2  g iven  i n  Table  4 f o r  sir of u n i t  

d e n s i t y  and t h e  de r ived  ra tes  co r re spocd ing  t o  t he  two model 

a tmospheres  a r e  shown i n  F igu res  8 and 9 .  

3 . 2  E x c i t a t i o n  t o  Metas tab le  S t a t e s  

A t  e n e r g i e s  of about 20 e V ,  energy loss t'nrocgh E x c i t a t i c a  of 

t h e  m e t a s t a b l e  l e v e l s  of a tomic 2nd r?.oleculz;- G X Y ~ C ; ~  cr,Z af z .~ lecula ;c  

n i t r o g e n  are comparable t o  t h e  eiiergy loss  t t r m g h  al low& ~rc:-s;t iccs, 

becoming of  i n c r e a s i n g  i r iportance a s  ;he 3:cergy d e c r e s s e s .  >Lay 

p rocesses  c o n t r i b u t e  t o  t h e  energy  loss and ve ry  f e w  of ?he rz ' lzvant 

c r o s s  s e c t i o n  d a t a  are a v a i l a b l e .  A rough a n a l y s i s  s u g g e s t s  t h a t  t h e  

mean r a t e  of energy l o s s  -in the ztmosphcre dec reases  s lowly  t o  a v z l c e  

of t h e  o r d e r  of 10 s e V  c m  a t  an energy of about  7 e V .  Below - 16 -1 

t h i s  energy  no s i g n i f i c a n t  loss  i s  t o  bz expected from e x c i t a t i o n  of 

e l e c t r o n l c  l e v e l s  of N and t h e  r z t e  o f , e n e r g y  l o s s  a t  alt2tuces below 

300 km will dec rease  s h a r p l y  as t h e  e m r g y  fs l ls  below ahout  7 eV. 

2 

It fo l lows  from t h e  c r o s s  sectiozl c a l c u l a t i o n s  of Scaton (1956)  

t h a t  between 7 e V  and 3 eV e x c i t a t i o n s  t o  t h e  met2s taLle  ID and 'S 

-1 states of atomic oxygen c o n t r i b u t e  about 5 x n (0)  e V  c m  K O  t h e  

21 
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I 

I 
r a t e  of energy  l o s s .  The c o n t r i b u t i o n s  of d r s s o c i a t i v e  a t tachment  of 

molecular  oxygen ( c f .  Thompson 1959) and of e x c i t a t i o n  t o  e x c i t e d  

e l e c t r o n i c  l e v e l s  of molecular  oxygen (Schulz and Dowel1 1962) a r e  

sma l l  i n  comparison and can be ignored a t  a l t i t u d e s  above 120 km. 

The de r ived  r a t e s  of energy l o s s  for  e l e c t r o n s  w i t h ' e n e r g i e s  

between 20 e V  and 5 e V  f o r  t he  two model atmospheres a r e  shown i n  

F igu res  10 and 11. 

~ 

2 3 . 3  V i b r a t i o n a l  E x c i t a t i o n  of N 

A t  e n e r g i e s  below about 3.5 e V ,  energy l o s s  through e x c i t a t i o n  

of  t h e  v i b r a t i o n a l  l e v e l s  of molecular  n i t r o g e n  becomzs v e r y ,  

impor tan t .  The t o t a l  c ros s  s e c t i o n s  have been measured by Haas (1957) 

and t h e  r e l a t i v e  c r o s s  s e c t i o n s  f o r  e x c i t a t i o n  t o  the  i n d i v i d u a l  

v i b r a t i o n a l  l e v e l s  w i t h  quantum number v between 2 and 8 by Schulz  ( i962) .  

The corresponding r a t e  of energy loss fo r  u n i t  number d e n s i t y  of 

n i t r o g e n  i s  i l l u s t r a t e d  i n  Yigure 12. It  inc ludes  an a r b i t r a r y  

estimate of t he  c o n t r i b u t i o n  from e x c i t a t i o n  t o  t h e  v = 1 l e v e l ,  t h e  

c r o s s  s e c t i o n  f o r  which has not  been measured. 

The rates of energy l o s s  appropr i a t e  t o  t h e  two model atmospheres 

a r e  g i v e n  i n  F igu res  13 and 14 which inz lude  a l s o  t h e  c o n t r i b u t i o n  of 

e x c i t a t i o n  t o  the  metas tab le  l e v e l s  of a tomic oxygen. 

The f a t e  of t h e  energy s t o r e d  as v i b r a t i o n a l  e x c i t a t i o n  is 

u n c e r t a i n .  It may be t r a n s f e r r e d  t o  t h e  ambient e l e c t r o n  gas by 
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Figure 12. Rates of  energy l o s s  through v i b r a t i o n a l  e x i f a t  ion 
of  molecular  n i t r o g e n  a t  u n i t  d e n s i t y .  
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superelastic collisions 

e + N2 (v) + e + N2 (v' < v) ( 1 4 )  

or it may be degraded into kinetic energy of the neutral-particles, a possible 

reaction being atom-atom interchange with atomic nitrogen (Bates 1955, 

Dalgarno 1963) 

N + N2 (v) --t N2 (v' < v) + N . (15) 

-10 3 -1 
The rate coefficient of (14) may be of the order .of 10 cm sec 

bur: the rate of (15) is unknown except for transitions in which v' = 0. 

We shall investigate the consequences of both possibiliries. 

3 . 4  Rotational Excitation of N2 

Vibrational excitation is rather inefficient at energies below 

1.5 eV and the measurements of Schulz and Dowel1 (1962) suggest that 

excitation of the '2' and 

slow processes. A s  the energy approaches thermal energies, excitation 

1 A states of molecular oxygen are very 
g g 

of the rotational levels of N 2 
mechanism, the small quadrupole moment of 0 

rotational levels of 0 The rate of energy 

loss  by rotational excitation of N can be obtained from the calcula- 2 
tions of Dalgarno and Moffett (1962a) and it is about 

5 x 

for tbe two model atmospheres are shown in Figures 15 and 16. 

is probably the most efficient loss 

causing excitation of the 
2 

to be comparatively slow. 
2 

n (N ) eV cm 2 sec -1 The corresponding rates of energy ~ O S S  2 
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3.5 Elas t ic  S c a t t e r i n g  by Neut ra l  P z r t i c l e s  2nd P o s i t i v e  Ions  

The ra te  of energy l o s s  through e l a s t i c  s c a t t e r i n g  by n e u t r a l  

p a r t i c l e s  i s  given by 

n EQm 
dE 2m 
dx M 

- - = -  

where m i s  t h e  mass of t h e  e l e c t r o n ,  M i s  t h e  mass of t h e  n e u t r a l  

p a r t i c l e  and Q i s  t h e  c r o s s  s e c t i o n  f o r  momentum t r a n s f e r .  

no t  present  va lues  of (16)  s i n c e  except  a t  e n e r g i e s  v i r y  c l o s e  t o  

thermal e n e r g i e s  energy l o s s  through r o t a t i o n a l  e x c i t a t i o n  i s  much 

more e f f i c i e n t .  

oxygen exceeds t h a t  of molecular  n i t r o g e n ,  t h i s  i s  no longer  t h e  case 

bu t  t h e r e , l o s s  through e l a s t i c  s c a t t e r i n g  by t i :a p o s i t i v e  i o n s  i s  a 

more e f f i c i e n t  mechanism. It i s  c l e a r ,  however, from t h e  mass f a c t o r  

i n  (16) t h a t  energy l o s s  through e las t ic  s c a t t e r i n g  by t h e  pos iE ive  i o n s  

i s  n e g l i g i b l e  compared t o  t h a t  through e l a s t i c  s c a t t e r i n g  by tie 

ambient e l e c t r o n s .  

We s h a l l  

A t  h igh  a l t i t u d e s  where t h e  conccnc ra t ion  of a tomic  

Although e l a s t i c  s c a t t e r i n g  by heevy par t ic les  can be i g n J r e d  i n  a 

cons ide ra t ion  of t h e  slowing down of t h e  f s s t  p h o t o e l e c t r o n s ,  i t  

provides  an  important  mechanism f o r  c o o l i n g  t h e  hea ted  e l e c t r o n  gas  and 

we s h a l l  r e t u r n  t o  i t  i n  S e c t i o n  4 .  

3 . 6  Elast ic  S c a t t e r i n g  by Ambient E l e c t r o n s  

I n  d i s c u s s i n g  t h e  r s l a t i v e  e f f i c i e n c i e s  of v a r i o u s  p r o c e s s e s  

which slow down e n e r g e t i c  e l e c t r o n s ,  w e  have ignored  t h e  e l a s t i c  

34 



s c a t t e r i n g  by t h e  ambient e i e c t r o n s ,  a n  important p rocess  f o r  t h e  

s e l e c t i v e  h e a t i n g  of t h e  ambient e l e c t r o n  gas  (Hanson and Johnson 

1961). 

For t h e  m a n  rate of energy loss clirocgh e las t ic  co1 , l i s ions  with 

t h e  ambient e l e c t r o n s ,  w e  aciopt a fo rnu lz  of E u t l e r  and Buckinsham 

( 1962) 

d T.e/ 1000 . UT. 
? 

where 

The v a l u e  of &-I 

15; i c  i s  unnecessary f o r  ou r  purposzs  t o  t z k e  eccount  of i t s  de tz i l ed  

v a r i a t i o n  wi th  e l e c t r o n  tempera ture  and e l e c t r o n  d e n s i t y .  

Values  of (17) are given i n  Tab le  5 f o r  a range  of i n c i d e n t  

a p p r o p r i z t e  t o  t h e  lor,osphei-es of T a b l e  1 i s  about 

e n e r g i e s  and f o r  s e v e r a l  e l e c t r o n  temperatures .  For e n e r g i e s  g r e a t e r  

t han  3 e V ,  (17)  nay b e  r e p l a c d  by t h e  asymptot ic  formula 

.,. 
1 dE N -  1.95 x eV cm 2 . 
n dx E e 

The energy loss rates through e las t ic  c o l l i s i o n s  w i t h  t h e  ambient 

e l e c t r o n s  are compared i n  F igu re  S-16 with t h e  energy loss rates 

cor responding  t o  c o l l i s i o n s  wi th  t h e  n e u t r a l  p a r t i c l e s .  
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3 . 7  C r i t i c a l  A l t i t u d e s  and Energics  

The r e s u l t s  of t he  comparisons of the e f f i c i e n c i e s  of energy 

I l o s s  t o  t h e  n e u t r a l  p a r t i c i e s  and t o  the e l e c t r o n s  a r e  summarized i n  

i Table 6 which g i v e s  f o r  va r ious  e l e c t r o n  e n e r g i e s  t n e  c r i t i c a l  

a l t i t u d e s  f o r  t h e  two model a tnospheres  above which l o s s  t o  t h e  

e l e c t r o n s  i s  t h e  more probable  and belou which l o s s  t o  t h e  n e u t r a l  

p a r t i c l e s  i s  t h e  more probable ,  i t  being assuned t h a t  v i b r a t i o n a l  

energy of N2 i s  converted t o  thermal  energy of t he  c e u t r a l  pa r t l i c i e  

gas .  I f  w e  assume t h a t  v i b r z t i o n a l  energy o f  N i s  ccnverred t o  2 

thermal  energy of t h e  e l e c t r o n  g a s ,  t h e  c r i t t c s l  a l t i t a d e s  a r e  

unchafiged f o r  E - > 5 eV but  do a o t  e x i s c  f o r  lotrer E I ~ E ~ ~ % s ,  cf 

t h e  e l e c t r o n  k i c e t i c  energy below 5 e V  bzlng t r ans fe r r ed  t o  c h  

ambient e l e c t r o n s .  

We may sumiiarize t h e  r e s u l t s  a l s o  by I c z : o ~ u c ~ ~ ~  c r l z i c a l  

e n e r g i e s  E which a r e  such t h a t  f o r  E > E , E i s  t r a n s f e r r e d  ZQ rke  

e l e c t r o n  gas  and f o r  E < E E i s  t r s n s f c r r e d  t o  t h e  e l e c t r o n  gas .  

Ths c r i t i c a l  e n e r g i e s  a r e  shown i n  Figurzs 1 7  and 18 f o r  ?he tlwo 

C c c  

C ’  

model atmospheres corresponding t o  t h e  alterzdcive z s s u n ? t i m s  t h a t  

v i b r a t i o n a l  energy of N 

n e u t r a l  p a r t i c l e  gas  and t h a t  i t  i s  converted t o  ch~raal e i x r g y  of  che 

is  converted t o  thermal  -:.ergy o f  t h z  2 

e l e c t r o n  gas. 

37 



C r i z i c a l  A l ~ i t u d c s  

T (a) = 1,030°1< "i' ( E )  = 2,003°K 

Energy (eV) h (!cn) .7 cnergy  ( Z V )  hc (kn) 

40 500 18 5 00 

20 370 14 4 08 

1 0  286 10 332  

-- C 

8 

7 

6 

5 

4 

3 

2 

1.5 

26 0 

236 

178 

170  

220  

224 

2 04 

152  

8 

7 

6 

5 

f ,  
7 

3 

2 

1.5  
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4 .  Heat Flux and Cooling Processes 

Combining the predicted initial energy distribution of the 

photoelectrons with the critical altitudes and energies yields the 

distribution of energy which is transfsrred to the ambient electrons. 

The results are shown in Figur.es 19 a n d  20, there being four 

distributions for each atmosphere depending upon the ultimate fate 

of the energies initially stored as metastzble energy and as 

vibrational energy. 

We assume that elastic collisions between the anbient electroils 

are sufficiently frequent that the electron velocity distribution is 

Maxwellian, characterized by an electron temperature Y e .  The 

electron gas cools by collisions with the neutral particles and 

positive ions, which we assume have a common temperature Tg. For 

the energy loss in elastic collisions with atomic oxygen we adopt the 

expression 

n (0)  Tef (Te - Tg). (A) d Te = -  
dt o 

( 2 0 )  

which corresponds to a constant collision cross section 

cm2 (Rothe, Marino, Neynaber and Trujillo, 1962). 

of 6 x 16” 

For the energy loss 

in collisions ,with molecular nitrogen we use 
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the elestic loss fol!wi!-ig fro3 c h e  n:tsssrexcnt of Pack and P'nelps 

(1961) and the rotetional loss  pararcccer (Gv/n) f rum an extension 

of the calculations of Dalgarno and Moffett (1962b). For loss to 

molecular oxygen, we use an elastic contribution only 

rot 

(cf. Dalgarno 1961). The energy loss in cisstic collisions with 

positive ions is significant above an altitude of 200 km. At such 

altitudes we may suppose the positive ions are mainly 0 and the 

corresponding rate of energy loss is given by 

+ 

n (Te - "1 
e ( 2 3 )  (-) dT = -  

3/  2 268 Te dt + 

(cf. Spitzer 1956, Hanson and Johnson 1961). If Q is the hear; in 

ergs transferred to the ileccron gas in unit time, then in 

equilibrium 
f 

Because it ignores the contributions from vibra~ional excitation, 

the adopted cooling rate is probably too slow at high tsmperatares, 

However, t h e  uncertainties in the cooling rates are smaller than the 

uncertainties in the predicted heat .fluxes. 
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It i s  i n s t r u c t i v e  t o  cons ider  f i r s t  t h e  equa t ion  which results 

when coo l ing  occurs  only  by e l a s t i c  c o l l i s i o c s  w i t h  p o s l 2 i v e  i o n s .  

Q i s  measured i n  e V  cm 

If 
- 3  -1 sec , t h e  s impl i f i ed  equa t ion  f o r  t h e  e l e c c r o n  

tempera ture  i s  

2 (Te - Tg) e 
312 Q = 5.51 x 

Te 

As Hanson and Johnson (1961) have remsrked, (25)  has  two s o l u t i o n s  f o r  

Q l e s s  t han  a c r i t i c a l  va lue  Qci b u t  f o r  Q g r e a t e r  t h a n  Q c i  (25) has  

no s o l u t i c n s  and T e  i s  not_ l ix , - ' ted by energy tra2;cer t o  t h e  p o s i t i v e  

i o n s .  The c r i t i c a l  h e a t  i npu t  i s  g iven  by 

1 - 7  3 -4 - 3  -A. Qci = 2 x 10  r: - Tg eV cn S E C  
E 

( 2 5 j  

fe = 3 Tg ( 2 7 )  

T h  modi f i ca t ions  caused by the  i n c l u s i o n . o f  c o o l i n g  5y energy 

t r a n s f e r s  t o  the  n e u t r a l  p a r t i c l e s  depecd upon t k  al;L:r?de. &elox 

about  200 km, cool ing  i n  c o l l i s i o n s  w i t h  n e u t r a l  ? a r t i c l e s  i s  xore 

e f f i c i e n t  a t  a l l  temperatures  t h s n  cool i2g i n  c o l l i s i o n s  w i t h  p o s i t i v ;  

i o n s  and t h e r e  i s  only  one s o l u t i o n  t o  ( 2 4 ) .  A t  g r e e t e r  z l t i t u d e s ,  ~:IE 

r) 
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pos i t i o r !  i s  more c o n p l i c a t e d .  FLg:cre 2 1  SFLOWS c h c  r igh t -hand s i d c  of  

Equation ( 2 4 )  a s  a f u n c t i o n  of  T e  a t  an a l t i t u d e  of 400 km i n  t h e  

atmosphere w i t h  a n  e x o s p h e r i c  temperature  of 1000 K .  I t  i s  apparent  

t h a t  for  h e a t  i n p u t s  Q g r e a t e r  chan 1 . 3  x 10 e V  cm sec and less  

t h a n  7.8 x 1 0  e V  cm sec t h e r e  i s  only  one s o l u t i o n  q f  (24) but  

t h a t  f o r , Q  l y i n g  between t h e s e  v a l u e s  t h e r e  a r e  t h r e e  s o l u t i o n s .  G f  

t h e  th.:se s o l u t i o n s ,  t h e  s m a l l e s t  and t h e  1 a r g e s t . a r e  s t a b l e  i n  t h e  

s e n s e  t h a t  a f t e r  a smal l  d i s t u r b a n c e  t h e  d e p a r t u r e  of T e  f r m  i t s  

e q u i l i b r i u m  v a l u e  w i l l  decay e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  time and 

t h e  remaining s o l u t i o n  i s  u n s t a b l e .  

0 

4 - 3  -1 

3 - 3  -1 

It i s  a l s o  apparent  from F i g u r e  2 i  t h a t  a s  Q pcsses  through t h e  

4 - 3  -1 __ v a l u e  1.3 x 10 e V  cm s e c  m o m  below t h e  equllibrim e l e c c r o n  

temperature  i n c r e a s e s  d i s c o n t i n u s u s l y  ;o a v e r y  l a r g e  v a l u c .  The  

3 oppos i te  behaviour  occurs  a s  Q passes  tnrough the v a l c e  7 . 8  x 10 eV 

c m  sec from above. 3 - 1  

. .  Solu t ions  02 Equat ion (24) a r e  g iven  i n  T a b l e  7 f c r  a W i G E  rcnge 

o f  h e a t  i n p u t s ,  t o g e t h e r  w i t h  t h e  c r i t i c a l  h e a t  i n p u t s  Qc i .  The 

e q u i i i j r i u r n  e i z c t r o n  t e n p e z a t u r e  i n c r e s s e s  v e r y  s l s w i y  a s  Q i n c r e a s z a  

through s e v e r a l  o r d e r s  of nz;riitude u n r i l  Q exceeds Qci when 2 2  zbr2:yt 

i n c r e a s e  i n  Te occurs  a t  h igh  a l t i t u d e s .  The v e r y  l a r g e  v a l m s  of Te 

obtained a t  h igh  a l t i t u d e s  f o r  Q ~ r e a L 2 r  t h a n  Qci d o  no t  have ariy 

q u a n t i t a t i v e  s i g n i f i c a n c e  ( s i n c e  a t  such v a l u e s  t h e  adopted c o o l i n g  

r a t e  i s  mucn t o o  smal l  and h e a t  conduct ion  i n  t h e  a l e c t r o n  gas i s  an 

important e f f e c t )  b u t  t h e y  show t h a t  f o r  Q i n  t h e  neighborhood of  Q c i  
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T a b l i  7 

Equilibrium Electron Temperatures f o r  a Range of Heat Inputs Q 

'I' (a) = 1000°K 

Altitude 
0 (km) 120 150 200 300 400 45 0 

-3 (eV cm sec-l) Tg (OK) 

lo1 

lo2 

1~~ 

lo4 

Te (OK) 

T ( 0 5 )  = 2000°K Tg (OK) 

lo1 Te (OK) 

lo2 

lo3 

l o 4  
lo5  

380 7 63 

380 763 

38 1 767 

385 801 

427 1,160 

847 4,190 

38 0 880 

38 0 880 

38 1 884 

385 9 24 

427 1,330 

847 4,590 

95 2 

95 3 

960 

1,040 

2,390 

12,000 

1 390 

1,390 

1,400 

1,510 

2,920 

11,900 

998 1,000 i , GCC; 

998 1,000 1, GGC 

1,000 1 , OCO 1 y oci, 

1,020 1 , 030 1,g5c 

1,380 1,680 132: OGC 

43 , 700 223 , cco -_-  

1,810 1,94c 1 , 5 7 G  

1,810 1 2  940 1,970 

1,820 1,95C 1 ,SSG 

1,870 2,030 2,1cg 

2,800 6 390 2 2 , 6 G i  

24,600 64,lOC 103, OGG 
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I 2 Large increase i n  T e  :n;y r c s u L L  f:-on. 9 zi,~zll i ; i 2 z e ~ s c  I n  9. 

Corresponding t o  each of t h e  pred ic ted  heair i r . ?u t s ,  sYLo:m lr. t 

Figures  19 and 20, t h e r e  i s  only  one p o s s i b l e  s q u i l i b r i u m  eiecrron 

t empera ture  and i t  i s  s t z b l e .  The d l s t r i b u t i o n s  of T e  ' wi:h a l C l E ~ d e  

are shown i n  F igu res  22 and 2 3  from which i t  appears  t h a t  t h e  

d i f f e r e n c e  between t h e  e l e c t r o n  tenqerzture and i h e  heavy ixir i ic le  

t e m ~ e r a t u r e  a t  noon i n  a q u i e t  ionosphere may a t t a i n  G m a x i r x m  v a l u e  

of between 800°K and 1500°K (depsnding upon t h e  r o l e  of m e t e s i s b l e  

and v i b r a t i o n a l  energy)  a t  an  a l t i t u d e  near 250 km and  t h a t  i t  vanls 'css 

below about  120 km and above about  400 krn. Very l a r g e  v c l c e s  of Te 

do no t  occur  because t h e  p r e d i c t e d  h e a t  i n2u t s  excaed t h e  c r i t i c a l  

v a l u e s  Qci only a t  a l t i t u d e s  below about  250 kin w h s i - e  c ~ z , l l i i g  by eczzgj? 

t r a n s f e r  t o  n e u t r a l  p a r t i c l e s  i s  a t  lezst comparable i n  e f f i c i e n c y  &t  

a l l  tempera tures  t o  coo l ing  by energy t r s n s f e r  t o  p o s i t i v e  i o n s .  

The p r e d i c t e d  valGes are s u f f i c i e n t l y  l a r g e  t o  sugges t  t h 2 t  t h e  

h e a t  i n p u t s  a t  high a l t i t u d e s  might exceed t h e  c r i t i c a l  v a l c e s  nea r  

dawn zrAd dur ing  seve re ly  d i s t u r b e d  c,.-.litions wi th  t h e  consequence 

Lhat very l a r g e  va lues  of T e  may occur  then ,  a l though t h e  

h e a t i n g  e f f e c t  of t b s  i n c r e a s e  i n  Q w i l l  b e  reduced by t h e  s s s o c i a t e d  

i n c r e a s e  i n  t h e  ambient number d e n s i t y .  Simultaneous n e a s u r e a s n t s  

of Y e  and n a t  dawn would be of g rea t  i n t e r e s t .  e 
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6. Discussion 

The observational evidence concerning electron temperatures in the 

ionosphere has been reviewed recently by Bauer and Bourdeau (1962). 

They conclude that except at sunrise the electron and neutral particle 

temperatures in a quiet ionosphere are equal up to altitudes of 200 kn 

and at altitudes above the F 2  peak. In the lower F region, the 

difference between the electron temperature and the heavy particle 

temperature attains a maximum value of about 1000°K at an aktitude 

near 250 km. 

In view of the several uncertainties in the theoretical analysis, 

the agreement between the theoretical predictions and the observatiocs 

is very satisfactory. Indeed the observed magnitude of the maxlmux 

temperature difference is closely equal to that predicted f o r  the case  

when vibrational ener8y of molecular nitrogen is ;-.at transferred to 

the electron gas. The predicted location of the maximum is about 30 k 

lower than that observed but this small discrepancy can plausibly ‘a? 

attributed to an underestimate of the cooling rate, especially in view 

of recect work by Phelps ( 1 9 6 2 ,  private communication) indicating chat 

the cross section for low energy excitation of the first vibrational 

level of molecular nitrogen is quite large. Thus the observationel 

data on electron temperatures in a quiet ionosphere can be explained 

as due to the direct action of solar ultraviolet radiation and it is 

unnecessary to postulate the existence of electric fields- 
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A t  sunrise  e ~ d  di;rLn:; d i s ' i u -  ,beJ rc,,-,E icLci*; C I I L  oLcervs t iona1 

r e s u i t s  i n d i c s t e  greater C ? ~ F X - ~ ' J S ~ S  froiii tcxperacure equilibrium 

( c f .  Bauer and Bourdeau 1962) and work i s  i n  progress to analyze t h e s e  

phenomena. 

Geophysics Corporation of America 
Bedford, Massachusetts 
November 1963 
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